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Introduction
Phosphatocopida Müller, 1964 , is a group of small crustaceans having a secondarily phosphatized bivalved dorsal shield, which covered the entire body but was attached only to the head and the anterior two or three trunk segments. Phosphatocopid shields occur abundantly in residues etched by diluted acetic acid from so-called Orsten limestone nodules. The shields are often still attached dorsally and some specimens still possess three-dimensionally preserved ventral soft parts that are replicated by calcium phosphate, presumably having impregnated and preserved the remains shortly after death (e.g., Müller 1979 Müller , 1982 Müller , 1985 Maas et al. 2003 Maas et al. , 2006 Siveter et al. 2003; Dong et al. 2005) .
Besides phosphatocopids, other crustaceans and arthropods (Müller 1985) , various sponge spicules (Castellani et al. 2012) , phosphatized small shelly fossils, many different conodonts (e.g., Szaniawski 1971; Müller and Hinz 1991) and other metazoan fossils of unclear affinities, and even strands of cyanobacterians (Castellani et al. 2018) were found in the residues obtained from Orsten nodules or similar lime-stone. In Scandinavia, and best known from Sweden, these nodules are surrounded by bitumen-rich dark grey to black shale, the so-called alum shale (Martinsson 1974; Andersson et al. 1985; Müller 1985; Buchardt et al. 1997; Schovsbo 2007, 2013) . Because coprolites, forming a considerable part of the components in the "Orsten" material (Maeda et al. 2011; Eriksson and Terfelt 2007) , contain large quantities of mineral phosphate it has been suggested that this faecal matter was the source of phosphorous promoting the exceptional fossil preservation (e.g., Maeda et al. 2011) .
The phosphatocopids were the first arthropods reported in the specific Orsten-type preservation (Müller 1979) . This means that the specimens still possess 3D-preserved ventral, "soft" cuticular details such as appendages and the inner cuticle of the shield (called the inner lamella; illustrated but not specifically addressed already by Müller in 1964) . Fossils of this type were first discovered from the Cambrian Series 3 (Agnostus pisiformis Biozone = oldest zone of the upper Cambrian in the former Cambrian stratigraphy) up to Furongian strata from southern Sweden (e.g., Müller 1979 Müller , 1982 Müller and Walossek 1991; Maas et al. 2003 Maas et al. , 2006 Maas and Waloszek 2005; Eriksson et al. 2012 Eriksson et al. , 2016 Haug et al. 2013 . Subsequently, phosphatocopids with soft-tissue structures have been reported also from the Cambrian of Poland (Maas et al. 2006) , England (Williams and Siveter 1998; Siveter et al. 2001 Siveter et al. , 2003 , Siberia (Müller et al. 1995) , North America (Siveter and Williams 1997) and the Cambrian of Australia , see discussion below).
More recently, they have also been etched out of limestone rocks from the Cambrian of China (Hou et al. 2002; Dong et al. 2005; Zhang and Dong 2009; Dong 2009, 2010; Zhang et al. 2011a, b; Zhang and Pratt 2012) . Additionally, phosphatocopids known only from their empty shields have been reported from various localities (see Hinz-Schallreuter and Schallreuter 2009, and references therein) . At the beginning of the latest Guzhangian and in the succeeding Furongian phosphatocopids appear to have undergone a major radiation and became distributed worldwide. Even more remarkably, the entire group disappeared completely from the fossil record before the end of the Cambrian, in the Peltura Biozone (see Williams et al. 2011: fig. 4 ).
Phosphatocopids are generally considered to be part of the Cambrian benthic to nectobenthic meiofauna adapted to seawater hypoxia and occupying marine offshore environments (Waloszek 2003; Maas et al. 2003 Maas et al. , 2006 Williams et al. 1994 Williams et al. , 2011 . They appear to have tolerated oxygen-poor environments and form abundant and diverse faunal elements in Guzhangian and Furongian strata, especially black shale, organic-rich mudstone, and bituminous nodular limestone (e.g., Maas et al. 2003 Maas et al. , 2006 Williams et al. 2011; Nielsen and Schovsbo 2013) . The largest specimens reached 10 mm in length (Hinz-Schallreuter 1993 , 2000 , but most specimens were considerably smaller. Phosphatocopids presumably lived epibenthically, i.e., close to the bottom, feeding on particulate matter. Exceptions may have been taxa with an extremely large mandibular gnathobasic cutting plate at their syncoxa (Maas et al. 2003) and/or forms which lacked exopods on all post-antennular appendages .
The systematics of phosphatocopids has long been based on the morphology of the shields, however, soft parts (basically all structures except for the dorsal, shield-like cuticle) proved crucial for assessing phylogenetic relationships, as demonstrated in the first detailed study by Maas et al. (2003) (see also Zhang and Pratt 2012) .
Traditionally, phosphatocopids were regarded, mainly because of their bivalve shield, as ostracod maxillopodan (eu) crustaceans (e.g., Müller 1964 Müller , 1982 Hinz-Schallreuter 1993 , 2000 . Besides this superficial similarity, phosphatocopids share various features with the Eucrustacea (crown group including descendants of all living groups), particularly those associated with the anterior cephalic feeding apparatus.
These features include: (i) the morphology of the second appendage (antenna) and third appendage (mandible) having two basal portions with median gnathobases (named coxa and basipod, the carrier of the two rami; plesiomorphic state, only a setiferous proximal endite plus the prominent basipod); (ii) the labrum at the rear of the (phylogenetically older) hypostome; (iii) the recession of the mouth behind the labrum (plesiomorphic state exposed); (iv) the sternites of the third and fourth cephalic segment being fused to a sternum plate; (v) paragnath humps on mandibular portion of sternum; (vi) all parts around the mouth covered with fine hairs of a few microns in length, and a specific setal armature on all medially pointing endites of the basal limb portions and up to the first two endopodal portions (= setae and spines in three sets).
Collectively, this indicates a close relationship between phosphatocopids and eucrustaceans. On the other hand, in phosphatocopids the first post-mandibular appendage is not modified into a (cephalic) mouthpart (termed maxillula in eucrustaceans), but it looks similar to all more posterior appendages (fifth cephalic limb and thoracopods). This and the possession of a "head larva" as the first larval stage (which has four pairs of appendages by contrast to the postembryonic phase of Eucrustacea, which starts with a nauplius larva with only three appendage pairs) are plesiomorphic features demonstrating that the Phosphatocopida cannot be an in-group of Eucrustacea, but is recognized as its sister group (see also Siveter et al. 2001 Siveter et al. , 2003 .
According to Maas et al. (2003) , phosphatocopids also possess various autapomorphic features. For example, the rather short antennula with few distal setae (see Maas et al. 2003: pls. 7B, 10A, 11A) , which arises on the anterolateral slope on the firmly sclerotized hypostome from a small articulation area completely surrounded by firm cuticle (plesiomorphic state: more and long setae, free, soft articulation, internally, muscles run toward bar-like extensions, wings, of the hypostome; see Müller and Walossek 1988 for the euarthropod Agnostus pisiformis). By contrast, among Eucrustacea, ostracods have, plesiomorphically, a well-developed antennula (see above for phosphatocopids), but a post-mandibular limb modified as a mouthpart = maxillula and a nauplius larva.
Another characteristic feature of phosphatocopids is the massive mandibular gnathobase, which is extended into a shovel-like, oblique "grinding plate" with a rim carrying a row of tooth-like spines. It looks like a coxa as in eucrustaceans, but it represents the fusion product of the coxa and basipod during development, called "syncoxa" in Maas et al. (2003: pl. 25A) . Early during ontogeny both structures, coxa and basipod, are still well separated (see also Siveter et al. 2001 Siveter et al. , 2003 for this structure in Klausmuelleria salopensis). No similar structure is known from other euarthropod groups.
Another potential autapomorphy of phosphatocopids is their large, all-enclosing dorsal shield. This shield has a straight dorsal line, where the narrow but much elevated body is attached to the dorsal midline (Maas et al. 2003: fig. 9, pl. 11C) . Segmental fusion to the shield includes the anterior three cephalic and more than four post-mandibular segments (see Maas et al. 2003 for more details). Therefore, phosphatocopids have a cephalothoracic shield. Similarly, also several extant eucrustacean groups have shields which are fused to more than the cephalic segments, but these are simply in-group phenomena and do not count for phylogenetic comparisons. By contrast to other euarthropods with a large bivalve shield, in phosphatocopids the median body proper is attached to the dorsal midline along a narrow area and forms an elevated rod-shaped structure (Maas et al. 2003: pl. 11C) . Only in the area of the mandibular segment the dorsal area of the body widens due to the lateral extension of the massive syncoxa, which ends laterally in a joint. An adductor muscle and, likewise muscle scars on the inner side of the shield valves, as in ostracods (often these show external impressions too), are consequently lacking in phosphatocopids. The postmandibular appendages insert in oval to spindle-shaped articulations along the lateral sides of the body proper. Ample joint membranes facilitate that they can be held into the shield cavity.
Characters retained from the basic equipment (ground pattern) of Crustacea in the wider sense include the specialized three anterior head appendages for food intake and locomotion, as said here the first autapomorphically reduced, exopods with many annulations, each annulus carrying a sweeping seta (e.g., Müller 1982: figs. 5, 6 ) and proximal endites on postantennular appendages (see Müller and Walossek 1990; Walossek 1999; Maas et al. 2003; Waloszek 2003; Haug et al. 2013 for the phylogenetic significance of the proximal endite).
With these sets of own characters, synapomorphies with Eucrustacea, but also those plesiomorphies, which have been further advanced in the latter group (maxilla and nauplius), phosphatocopids can be recognized as the sister group to Eucrustacea within the taxon Labrophora (Walossek 1999; Siveter et al. 2003; Maas et al. 2003; Maas and Waloszek 2005) . Walossek and Szaniawski (1991) were the first to describe three-dimensionally preserved, secondarily phosphatized arthropods from the Cambrian of northern Poland. They established the new species Cambrocaris baltica Walossek and Szaniawski, 1991 from the Furongian of the borehole Hel IG 1, and furthermore described a complete trunk of Skara minuta Müller and Walossek, 1985 from the Agnostus pisiformis Biozone of the Żarnowiec IG 1 borehole.
In this study we describe in detail a specimen of the phosphatocopid Cyclotron angelini (Linnarsson, 1875) from the Furongian of northern Poland (Fig. 1) . This specimen apparently represents a late growth stage and reveals new features of phosphatocopid appendage morphology (Figs. 2-6 ). In addition, we report the presence of segmental apodemes with remains of attached appendage muscles, demonstrated for the first time in Phosphatocopida (Fig. 7) . Furthermore, the limb morphology of C. angelini is compared with that of specimens of earlier growth stages from the Furongian of Poland (Fig. 8) 
Material and methods
The described specimen (ZPAL Cr.11/ph060) of Cyclotron angelini with preserved soft parts and comparative phosphatocopid material were found in the section from the Dębki 2 borehole, situated at the village Dębki, close to the Baltic sea shore. The village of Dębki is situated approximately 50 km north-west of Gdańsk, northern Poland (Fig. 1 ). In the Dębki 2 borehole, the Cambrian Series 3 (Agnostus pisiformis Biozone) and Furongian shale and limestone beds occur in the depth interval between 2660.3 to 2675.0 m and include the Agnostus pisiformis, Olenus, and Peltura biozones (Bednarczyk and Turnau-Morawska 1975; Bednarczyk 1979b Bednarczyk , 1984 . The specimen of C. angelini and comparative material are from a depth between 2662.3 m to 2663.3 m. These strata belong to the Słowińska Formation, and the biostratigraphical interval of the Olenus Biozone of the Furongian (Bednarczyk 1979a; Olempska and Wacey 2016) . Unfortunately, no detailed profile of the Cambrian part of this borehole has been published and the drill core from Dębki 2 is no longer available. The specimens were extracted from the lime mudstone using standard acetic acid maceration techniques (see Müller 1985) . The picked specimens were coated with platinum and photographed using a Philips XL 20 scanning electron microscope (SEM), equipped with an energy spectrometer EDAX-Dx4i, Genesis, at ZPAL.
The fourth appendage (first post-mandibular limb) of specimen ZPAL Cr.11/ph060 is visible on the left side of the specimen in median view ( Fig. 5A 1 ) ; the corresponding right limb broke off during preparation of the specimen for SEM. It could, however, be saved for separate imaging (Fig. 5A 2 , A 3 , A 4 ) .
The terminology applied to the body and appendage structures follows that of Maas et al. (2003) and Haug et al. (2013) , for terms of more general use see also Walossek (1993) . Additionally, we applied the term "apodeme" to structures, which are apparently homologous to the apodemes of Recent arthropods (e.g., Brusca and Brusca 2003) .
Systematic palaeontology
Phylum Arthropoda von Siebold, 1848 Class Crustacea Brünnich, 1772 Order Phosphatocopida Müller, 1964 Family Hesslandonidae Müller, 1964 Genus Cyclotron Rushton, 1969 Type species: Polyphyma lapworthi Groom, 1902; Malvern Hills, England; Cambrian, Furonian, Olenus Biozone (Groom 1902) .
Remarks.-Phosphatocopid taxonomy was for a long time based on external shield features, such as the occurrence and location of lobes and spines, and the general outline of the shield (e.g., Maas et al. 2003) . Although minute details also of the ventral appendage morphology have been described (Müller 1979 (Müller , 1982 Maas et al. 2003; Maas and Waloszek 2005; Zhang et al. 2010) , such features remain unknown for most species.
Cyclotron angelini (Linnarsson, 1875) Figs. 2-6.
Material.-One specimen with preser ved soft parts (ZPAL Cr.11/ph060), Furongian, Olenus Biozone, Dębki 2 borehole, northern Poland.
Description.-The incompletely preserved specimen ZPAL Cr.11/ph060 described herein possesses two small nodes in the antero-dorsal position on the left shield, a centrally located circular lobe and a shield outline suggesting that it belongs to Cyclotron angelini (Linnarsson, 1875) . Centrally, the shield is drawn out into a shallow circular lobe. An interdorsum, a characteristic cuticular bar separating the left and right shields dorsally by two longitudinal furrows (not a hinge), is present (Fig. 6A 1 ) .
The right valve is preservationally absent, and the left valve is slightly incomplete antero-ventrally and posteriorly. The shield length measures 1520 μm but is estimated to originally have been approximately 1600 μm.
This specimen is possibly the largest one of the hitherto known phosphatocopids with preserved soft parts. Yet, it still seems to represent an immature ontogenetic stage, as specimens of C. angelini from the Olenus Biozone of Sweden may have grown to a shield length of up to 3.5 mm in length (Williams et al. 1994) . The morphology described below is based on observations of specimen ZPAL Cr.11/ph060.
Soft parts: Cyclotron angelini comprises a flat-tubular body proper with differentiated head and trunk appendages and a large shield comprising left and right valves that completely surround the rest of the body. The body proper is connected to the shield only along a very narrow dorsal area, approaching not more than almost the width of the interdorsum. The number of post-mandibular segments involved in the shield formation is not clear but might include at least four segments-as known from other late ontogenetic stages of phosphatocopids, i.e., two segments more than the head composition at the level of Labrophora (= a cephalothoracic shield). Accordingly, it is also unclear how much of the trunk is missing in the specimen at hand and how many segments are free from the shield.
In the antero-ventral part of the body, a tube-like hole, around 50 μm in diameter is located anterio-medially of the antennal insertions ( Fig. 3A 2 : arrow). Since it is located too far anteriorly for representing the actual mouth opening underneath the labrum, which should extend posteriorly to the level of the antennal spines, it might represent the turn of the esophagus into the head with the transition to the midgut running backward (a feature known from specimens of other Orsten taxa, such as the two species of Skara, see Müller and Walossek 1985) .
The anterior ventral soft parts of C. angelini (Figs. 2-6 ), such as the hypostome-labrum complex, are not preserved. However, the void in the anterior part of the body suggests its previous location. The entire region at the antero-lateral edges of the hypostome including the insertions of the first pair of appendages, the antennulae, is not preserved, only phosphatic granules mark their original place, which means that the antennulae are lacking. Further posteriorly, the sternum with its pair of paragnaths (on the mandibular portion of the sternum), covered by fine setulae or denticles (Figs. 3A 2 , 6A 5 ) is present, which also includes the fourth head segment with a pair of appendages similar to the more posterior ones. The body posterior of the sternum is undifferentiated. An opening is located posterior to the terminal limbs, presumed to represent the anus ( Fig. 6A 4 : arrow). In all, six pairs of post-antennular appendages are present: antennae and mandibles and four post-mandibular limbs. Antennula: Not preserved in the specimen at hand. Antenna: The second appendage (antenna) is uniramous, lacking an exopod and measures c. 220 μm from the basal joint to the beginning of the terminal endopodal spine (Fig. 3A 2 -A 5 ) . The limb includes a prominent trapezoidal, antero-posteriorly compressed, uniform stem portion that slightly curves medially; its proximo-distally extending median margin is wedge-shaped and runs out into a row of spines, in which short and longer spines alternate. These spines point towards the mouth opening at the rear of the hypostome (Figs. 3A 2 , A 3 , 4A 2 ). Proximo-laterally, the limb stem exhibits a c. 17 μm long cuticular plate, interpreted as a sclerotized part of the arthrodial membrane that extends proximally into the body proper (Fig. 3A 3 -A 5 )-this structure has not been previously observed in any other phosphatocopid species. A separation of the limb stem into a proximal coxa and a distal basipod is not obvious, hence the antennal limb stem is referred to as a syncoxa.
The two-divided endopod (Fig. 3A 3 , A 7 ) arises laterodistally from the apex of the syncoxa. Its proximal podomere is elongated like an oblique shovel with a row of 6-7, proximo-distally extending and spine-like, setae (Fig. 3A 7 ) , originally, they might have pointed around the caudal end of the labrum toward the mouth, which is not preserved in this specimen. The short hump-like distal endopodal portion arises far laterally and bears an antero-posteriorly extending set of three small setae, arranged at a right angle against the spine row of the proximal endite of the endopod (Fig. 3A 7 ) . Here, the terminal spine is the central one and the smaller originally median and lateral setae are situated anteriorly and posteriorly ( Fig. 3A 1 , A 3 , A 7 ). The exopod is apparently absent. At its expected position (as obtainable from other phosphatocopid species; see Maas et al. 2003) , a small hump is present ( Fig. 3A 4 : arrow). The slight concavity of the anterior side of the antenna (Fig. 3A 1 ) is due to the oblique attachment of this limb at the sides of the labrum and it was presumably used for pushing food into the mouth area. Accordingly, the arthrodial membrane, which articulates the appendage with the body, is ample, recognizable by the largely poorly preserved area there (Fig. 3A 4 ) .
Mandible: The third appendage (mandible) measures around 445 μm, thus being twice as long as the antenna, again excluding the distal endopodal spine (Figs. 3A 1 -A 6 ). The mandible inserts laterally to the paragnaths and bears a large coxa, c. 280 μm long in medio-lateral extension (Fig. 3A 6 ). Medially, the coxa is drawn out into a wide, flattened and slightly obliquely tilted gnathobase pointing towards the midline ( Fig. 4A 1 , A 6 ). The median extension of the gnathobase is largest proximally (anteriorly), decreasing towards its distal end (posteriorly). The proximal margin of the gnathobase is armed with a prominent spine proximally flanked by a seta. A row of five tuft-like short serrated spinules with a main tip and a smaller adjacent tip arise from the gnathobasic edge between the proximal and distal end of the gnathobase (Fig. 4A 2 , A 4 , A 6 ). The anterior ends of the opposing gnathal edges of the right and left mandibles approach each other medially. They are located close to each other and parallel to the surface of the paragnaths and appear to be fairly symmetrical (Fig. 3A 3 ) .
Distal to the coxal gnathobase, a wedge-shaped setose endite with a circular cross section more distally, extends medially ( Fig. 4A 5 ) . Its tip bears a prominent spine, which is flanked by a set of 5-6 irregularly arranged setae anteriorly and posteriorly, respectively (Fig. 4A 5 ) . On the right mandible this element is broken off, however, the empty space between the coxa and the endopod suggests its previous location (Fig. 4A 6 ). In the terminology of Maas et al. (2003) , this structure is the "basipodal endite", or the strongly reduced basipod (Haug et al. 2013) , characteristic of the morphogenesis of phosphatocopids, where a well-developed basipod is present only in the youngest ontogenetic stages (Maas et al. 2003) .
The mandibular endopod is subdivided into two portions and arises latero-distally on the apex of the coxa ( Fig. 4A 5 , A 6 ). The proximal portion/podomere is club-shaped and drawn out medially into a robust, medially pointing tooth slightly dentate at its distal margin. The spine is slightly directed towards the oral region. Distal to the spine, two setae are located, one medio-distally, the second one weakly inclined anteriorly (Fig. 4A 5 ) . Additional small setae occur also on the club of the proximal portion of the endopod Laterally on the mandibular limb stem (= on the outer side), the exopod arises about half way between the transition to the arthrodial membrane and the insertion of the endopod (Figs. 3A 1 , A 3 , 4A 1 ). The exopod arises lateromedially on the coxa and is a less than 100 μm long and 30 μm wide (Figs. 3A 5 , 4A 3 ). It is unusually small and short compared to that of most known phosphatocopid species (see Maas et al. 2003) . The arthrodial membrane of the exopod is slightly bent up into a ring-like structure with a diameter of around 6 μm ( Fig. 4A 3 : arrow). Its free margin, i.e., the median, lateral and proximal, is armed with a row of more than 12 setae, of which two proximal ones seem to be longest, measuring around 60 μm (Figs. 3A 5 , 4A 3 ). The marginal row of at least ten long setae is interrupted by setae less than half as long, irregularly inserting and very slightly displaced from the marginal ridge (Fig. 3A 5 ).
Antenna and mandible are located closely together in an oblique antero-lateral to postero-median position at the flanks of the supposed position of the hypostome-labrum complex, their median armature with setae and spines pointing orally (Figs. 3, 4) . (Linnarsson, 1875) , ZPAL Cr.11/ph060 from the Olenus Biozone, Furongian, Dębki 2 borehole, northern Poland. Left mandible in posterior view, note the empty space left by the setose endite ("basipodal endite") broken off between gnathobase of coxa and endopod (A 1 ); pairs of antennae and mandibles in oblique ventral view (A 2 ); proximal part of right antenna in anterior view; note coxa of mandible with the circular cuticular structure around the exopod (arrow) (A 3 ); margin of left coxal gnathobase with tuft-like setae (A 4 ); distal part of right mandible with part of coxa, setose endite ("basipodal endite") and two-divided endopod (arrow) (A 5 ); distal part of left mandible with preserved coxa and endopod, note sternum with left paragnath; setose endite ("basipodal endite") is not preserved (A 6 ). Abbreviations: an, antenna; co, coxa; en, endopod; ex, exopod; gn, gnathobase; md, mandible; se, setose endite; st, sternum.
The mandible is followed by four appendages, which appear serial in design; only the endopod seems to be smaller in more posterior limbs compared to the anterior ones. Since the first post-mandibular limb is much better preserved than the succeeding ones we give details on the morphology of the remaining trunk limbs when they differ from the first post-mandibular limb.
First post-mandibular limb: The fourth appendage, i.e., the first post-mandibular limb (Fig. 5A 1 -A 4 , A 8 ) , is approximately 490 μm long, from its insertion to the tip of the endopod, excluding the distal endopodal spines. Since it is morphologically similar to the following appendages, it is not regarded as a maxillula. The fourth limb appears slightly compressed in antero-posterior aspect (Fig. 5A 1 ) and inserts almost laterally at the narrow body proper. Its stem portion consists of the separate proximal endite and the basipod, which carries the endopod and exopod.
As in many other phosphatocopids, the basipod is subtriangular with a wide excavation basally in its posterior cuticular surface, which is covered by membranous cuticle (Fig. 5A 2 ) , permitting a wide posterior flexure of the limb. Laterally, the basipod has a curved, narrow and possibly pointed extension toward the body surface, which seems to be rather rigid (Fig.  5A 2 ) . As based on other phosphatocopids (Maas et al. 2003) , this extension anchors the limb far dorsally at the body as a pivot, so that the limb can be turned around this pivot while the ample soft median arthrodial membrane (Fig. 5A 1 , A 3 , A 4 ) allows for a wide array of swinging motion anteriorly and posteriorly. The weakly humped oval median surface of the single basipodal endite bears a group of 5-6 robust spines and a few finer marginal spines. The median surface is surrounded by a set of around 20 setae, which almost form a complete circle, only the distal two are much thinner than the others (Fig. 5A 1 , A 8 and 5A 6 , A 7 for second post-mandibular limb). This is noteworthy because on enditic surfaces of the limbs of other phosphatocopids and Cambrian eucrustaceans the setae are more clearly subdivided into two distinct sets, in which the setae are arranged in vertical or crescentic rows around the central group. The posterior set is almost vertical and appears to rise from small sockets (Fig. 5A 8 ) , whether these were movable remains unclear. The anterior set is arranged in a more crescentic row. Three pores possibly occur on the posterior side of the basipodal endite ( Fig. 5A 8 : arrow) and on the proximal endite. They are located in a row just below the circularly arranged setae. On the anterior side, they are absent or not preserved. Similar pores have also been discovered in several other Orsten eucrustaceans (e.g., see Walossek 1993 for Rehbachiella kinnekullensis on appendages and the furcal rami) and are most likely of sensory function. Accordingly, these setae might also have served this function to monitor the motion of the posterior raking setae.
The proximal endite, inserting clearly separately below the endite of the basipod, extends above the surface of the sternum (Fig. 5A 1 , A 2 ). Both the proximal endite and the basipodal endite are clearly separated from each other. The median surface of the proximal endite is two-partite, the proximal part is a rounded hump with a few shorter spines or setae, whereas the distal oval surface bears several robust and smaller spines. Around the two enditic parts an oval circle of at least 24 setae is present around the outer margin of the enditic protrusion (Fig. 5A 1 , A 2 ). These setae are very thin and acute around the proximal surface and slightly longer distally. In all, the arrangement though similar to that of the basipodal endite, appears much more fragile and brush-like.
The two-segmented endopod, around 110 μm in length, inserts medio-distally on the basipod (Fig. 5A 1 -A 4 ) . Its proximal podomere is rod-like and medially extended into a medio-distally pointing endite armed with numerous setae (Fig. 5A 1 ) . Here the enditic armature is distinctly divided into three sets, the anterior and posterior rows of setae, 5 in the posterior row, and a few median spine-like setae on the central hump. The cuticle below the endite is also membranous so that the joint membrane is made of two parts, one from the basipod and one from the endopodal podomere. The distal segment is of similar length as the proximal one, but smaller in diameter and designed as a rounded cone or tube with the setation arising from an oval mediodistal area. The arrangement is again circular, with fine setae around the proximal curve, progressively more rigid setae towards the tip and the most robust spine-like seta terminally ( Fig. 5A 1 -A 3 ) . Laterally on the outer slope there seems to be another short spine. Only two or three finer setae arise from the area between the setal circle. The two endopodal podomeres are separated by membranous cuticle, preserved as granular-like surfaces (Fig. 5A 1 , A 3 , A 4 ) .
The outer edge of the basipod is rather narrow and steeply sloping. From this ridge the leaf-or paddle-shaped exopod, c. 110 μm in length, arises at the level between the joint of the first endopodal podomere and the proximal setae of the enditic armature (Fig. 5A 1 , A 2 ) . The basipod-exopod joint is rather poorly developed anteriorly, but sharply defined posteriorly. In anterior or posterior aspect, the shape of the exopod is elongated and triangular, as the surface narrows toward the distal end of the exopod, receiving more of a characteristic design with short annuli, but the joints between them are effaced. Only the median setae with their sockets reflect a subdivision into approximately 4 annuli. Due to this uniform surface, the marginal setation forms a continuous row from medially around the tip and distally to the joint with the basipod. It is further noteworthy that the length of the limb is almost the same from the body to the tip of the endopod and the exopod.
Enditic setae of the anterior and posterior sets as well as the exopod setae bear fine setules densely arranged in two rows (Fig. 5A 1 , A 3 ). This arrangement is known also from other phosphatocopids (Maas et al. 2003) , and eucrustacean taxa, but it is unknown from taxa derived from the earlier evolutionary lineage of Crustacea (e.g., Walossek 1993, see also Haug et al. 2013 on the evolution of crustacean appendages).
Second post-mandibular limb: This limb (Fig. 5A 6 , A 7 ) is rather poorly preserved and details of its morphology remain unclear in specimen ZPAL Cr.11/ph060. The second post-mandibular limb looks similar to the first one. Preserved details include the setiferous proximal endite and fragments of the basipod together with the basipodal endite (Figs. 3A 1 , 5A 6 , A 7 ) . On the lateral basipodal margin of the left limb (Fig. 4A 5 ) and the right limb (Fig. 5A 6 ) , three tiny slender setulose setae rise in a row, the distal one is the longest and measures c. 85 μm, the two proximal setae are c. 35 μm long (Fig. 5A 5 ) . By contrast, no such setae occur on the first post-mandibular limb.
The fifth appendage, or second post-mandibular limb, is the last cephalic appendage in the taxon Labrophora, which includes Phosphatocopida and Eucrustacea. Yet, in phosphatocopids there is no clear cephalic boundary, and at least two more segments are associated with the shield, forming a larger unit; the cephalothorax, convergent to several taxa within Eucrustacea and Euarthropoda.
Third post-mandibular limb: The sixth appendage, third post-mandibular limb, is known only from the poorly visible external part of the basipod with the basipodal endite of the left limb and part of the basipod of the right limb (Fig. 3A 1 ) . It is presumed that the general morphology largely mimics that of the preceding limbs. fourth post-mandibular limb, is located at the posterior end of the body (Fig. 6A 1 -A 3 ) , and is ventrally directed. The right limb is well preserved, whereas the left is mostly masked by matrix, except for its setae, which are partly visible. The right limb is around 230 μm long, excluding the terminal setae on the exopod. The stem is formed by an undivided, sub-rectangular basipod with a few medio-distal setae. The proximal endite could not be observed in the specimen at hand.
The endopod rises medio-distally on the basipod, as in the preceding limbs, but it is undivided and carries one terminal long and two short anterior and posterior setae (Fig. 6A 1 -A 3 ) . The exopod rises on the distal margin of the basipod. It is paddle-shaped, but not annulated, and directed ventrally. The exopod bears 21 setulose setae around its entire free margin, most setae at the outer margin are broken off close to their base. The folded arthrodial membrane, which links left and right limbs with the ventral body proper, is well-developed (Fig. 6A 3 ) .
Stratigraphical and geographical range.-Furongian, Olenus Biozone, Sweden (see Williams et al. 1994 and Hinz-Schallreuter 2000) and Poland.
Cyclotron sp. Material.-Two separated valves (ZPAL Cr.11/ph095, ZPAL Cr.11/ph102), Furongian, Olenus Biozone, Dębki 2 borehole, northern Poland.
Description.-The specimens of Cyclotron sp. occur as single valves with partly preserved shell layer covered by the inner lamella (here meaning the lower cuticle or surface of the shield expanding between margin and body proper). In the dorsal part of the inner lamella, several small rod-like internal invaginations occur (Fig. 7) bearing attached remains of putative muscle strands. They are interpreted here as the apodemes, serving as a site of insertion for muscles running into the limbs. In extant arthropods, apodemes are infold- ings of the cuticle and may occur as rods, flanges or nodes (e.g., Manton 1964; Moore and McCormick 1969; Coleman 2002; Brusca and Brusca 2003; Oliveira and Meyer 2013) . In some cases, as on the distal ends of the appendages of onychophorans, a small slit-like pore still indicates the invagination (Oliveira and Mayer 2013) . Right and left phosphatocopid valves with apodemes have been found separately in the same sample. The sizes of the valves are identical and the apodemes are in corresponding positions. Hence, the valves are interpreted as belonging to the same specimen or at least to the same ontogenetic stage. In both valves, apodeme pairs occur in the same position, corresponding to the limb insertions (Fig. 7A 1 -A 3 ,  B 1 -B 3 ). Possibly they represent attachment places of the antenna, mandible and three post-mandibular limbs. In both valves at the point of the mandible muscles insertion, only a relatively wide proximal part of the cuticle invagination is preserved (Fig. 7A 2 , B 2 ). There are also two smaller extensions of the cuticle close to the posterior margins of the valves without preserved apodemes, which may also represent the places where additional limbs arise. The insertion of the antennula is not preserved, as it inserts on the anterolateral slope of the hypostome.
The apodemes are approximately 100-110 μm long extending medially with rounded hook-like apices. All apodemes are oriented almost perpendicular to the internal surface of the cuticle and are gently inclined posteriorly. On the dorsal apodeme surfaces there are narrow keels (Fig. 7A 3 ,  B 1 ). On the proximal part of the ventral surfaces small cavities, c. 20-23 μm in diameter, occur ( Fig. 7A 4 , A 5 , B 3 -B 7 ). The fragmentarily preserved, inferred muscles from the appendages are attached inside these cavities ( Fig. 7A 4 , A 5 , B 4 -B 7 ). Each muscle bundle is composed of numerous muscle fibres of nanomicron-scale ( Fig. 7A 4 , A 5 , B 4 -B 7 ). Some muscles are partly covered by a putative phosphatised bacterial film (Fig. 7B 6 ) .
The two sides of the apodemes differ morphologically; whereas their anterior sides are smooth (Fig. 7B 1 , B 3 ), their posterior sides exhibit small elongate transversal grooves (Fig. 7A 3 , B 8 ).
In addition, in the antero-dorsal part of the valves, small structures (remains of labral muscles?) occur that probably belong to the hypostome-labrum complex (Fig. 7A 6 , B 9 ).
On the inner surface of the cuticle layer, close to the dorsal marginal area and between the apodeme structures, two scar-like structures are developed as small nodes (Fig. 7A 2 ,  A 3 , B 2 ).
Discussion
Phosphatocopid specimens in Orsten-type preservation, i.e., with three-dimensionally preserved soft parts, range in shield length from around 100 to 1000 μm. However, the best preserved specimens are those ranging between 100 and 200 μm (see Maas et al. 2003 for material from Sweden). Thus, larger specimens (later growth stages) with soft parts are lacking for most species, even in the abundant collections of well-preserved Orsten material from Sweden (Maas et al. 2003) . The species known in most detail is Hesslandona unisulcata Müller, 1982 from the Agnostus pisiformis Biozone of Sweden, with specimens representative of eight ontogenetic stages (Maas et al. 2003) . However, several other species have yet to be studied in detail, e.g., Vestrogothia spinata Müller, 1964 and Hesslandona necopina Müller, 1964. It is assumed that the smallest specimens of phosphatocopids, with the ocular and antennular somite, the segments of three further functional limbs and a short undifferentiated trunk bud, represent the first post-embryonic hatching stage of the taxon (e.g., Haug et al. 2014 ). In fact, except for the large, all-enclosing shield, this morphology is characteristic of the so-called "head-larva" of Euarthropoda, in accordance with the terminology of Walossek and Müller (1990 ; see also Walossek 1993 for a detailed discussion of the ontogeny of Eucrustacea). Such a larva represents an autapomorphy in the ground pattern of Euarthropoda and, accordingly, is retained as a plesiomorphy in the taxon Crustacea (Maas et al. 2003; Haug et al. 2014 ).
Comparisons of the appendage morphologies
The ontogenetic development of the limbs of Cyclotron angelini cannot be assessed because the earlier growth stages are lacking. Therefore, comparisons of limb morphologies can only be made with other taxa (and then, by default, it pertains to smaller specimens).
We do know however, for example, that exopods as well as endopods may be reduced to even lacking in some species (e.g., Walossek et al. 1993) . Also the intra and interspecific variability of different structures remains poorly known. An example is the basal part of the hypostome, which may be heart-shaped, as in specimen ZPAL Cr. 11/ph 222 ( Fig. 8B 1 ) from the Furongian of Poland, or sub-rectangular, as in the undetermined specimen ZPAL Cr. 11/ph 202 (Fig. 8C ). Since this feature is almost unknown from other species and is not preserved in C. angelini, its diagnostic/ taxonomic significance remains unexplored. However, the hypostome-labrum complex is a phylogenetically highly valuable character set within euarthropod and crustacean evolution and for arthropod terminology. As the phylogenetically older structure, the hypostome, was already present in the character set (ground pattern) of the euarthropod stem species. Accordingly it was also present, as plesiomorphic retention, in all major in-group taxa, such as in trilobites, chelicerates, tracheates, and crustaceans, as developed in the various Orsten taxa derived from the early evolutionary lineage of Crustacea (e.g., Martinssonia elongata, Müller and Walossek 1986 ; Cambropachycope clarksoni, Goticaris longispinosa, and Henningsmoenicaris scutula, Walossek and Müller 1990 ; Oelandocaris oelandica, Stein et al. 2005 Stein et al. , 2008 ; for or a detailed analyses of several of the named species see Haug et al. 2009a Haug et al. , b, 2010 . According to our → knowledge of the different Orsten taxa and the different taxa within the Eucrustacea, we can conclude that the labrum is phylogenetically much younger and is exclusive/autapomorphic only to Phosphatocopida and Eucrustacea, thus characteristic for the taxon Labrophora (Siveter et al. 2003) . All above mentioned derivatives from the early crustacean evolutionary lineage lack a labrum, which, together with retention of an exposed mouth opening at the rear of the hypostome and other features, indicates a less elaborate or at least different feeding mode. Hence, the possession of a hypostome only or a hypostome-labrum complex is significant for both phylogenetic and terminological reasons.
Comparisons of the antenna.-One of the most important differences between the appendages of C. angelini and those of other phosphatocopid taxa (Fig. 8A 1 -A 3 ) is the morphology of the proximal part of the antenna and the lack of its exopod ( Fig. 3A 3 -A 6 ).
In Klausmuelleria salopensis Siveter, Waloszek, and Williams, 2003 from the uppermost early Cambrian of the UK. there is a limb stem of the antenna subdivided into coxa and basipod. Because this is the situation in all early larval stages of Eucrustracea too, it has been suggested that it represents a plesiomorphic state for Labrophora, hinting at a sister-group relationship of K. salopensis to all remaining phosphatocopids (Siveter et al. 2001 (Siveter et al. , 2003 Haug et al. 2014) . In known phosphatocopid taxa with preserved soft-parts, the limb stem forms a single unit, syncoxa, or the basipod remains as a tiny endite squeezed into a gap between the coxa and endopod, which came to rest on the coxal "shoulder", from which the exopod rises (cf. Maas et al. 2003: fig. 59 ). In the phosphatocopid Dabashanella sp., apparently a very young growth stage, from the early Cambrian of China, the proximal part of the antenna consists of a coxa with set of setae and a subtriangular basipod bearing a median endite with seta (Zhang and Pratt 2012) . By contrast, in the phosphatocopids from the Agnostus pisiformis Biozone and from the Furongian, the limb stem of the antenna is undivided and considered to represent the fusing of the coxa and basipod during ontogeny, because earlier stages still possessed a subdivided stem (e.g., Maas et al. 2003; Maas and Waloszek 2005; Dong et al. 2005; Liu and Dong 2009; Zhang et al. 2011a ).
According to Haug et al. (2013: 42, fig. 2 .3.F), phosphatocopids show an "unclear condition of a coxa-basis border in the second appendage" meaning that a two-part condition is recognizable in the earlier larval stages, but a clear division is not present in all taxa in subsequent growth stages. This implies that the subdivided state represents a primary condition, whereas the secondary/derived state is the fused one, or the one with a reduced basipod stem portion. Because there clearly is no coxa in all presumed pre-labrophoran crustacean "stem taxa" and other Eucrustacea, our suggestion is that the coxa-basipod subdivision with the formation of a new joint and reorganisation of the basal limb musculature is autapomorphic to Labrophora. In Eucrustacea, the plesiomorphic condition of a subdivision was originally retained, but subsequently also modified in many ways; the extreme modification being the retention of the coxa only (see Walossek 1993 for an extensive discussion of eucrustacean taxa). Importantly, it has been demonstrated that the mandibular coxa of eucrustacean taxa develops ontogenetically from the proximal endite Walossek 1993; Haug et al. 2013) . Again, the proximal endite is the evolutionary precursor to the coxa, at least for the mandible (e.g., Walossek 1993) . Hence, the presence of a coxa excludes the presence of a proximal endite and vice versa.
However, there are still some details left to be investigated. For example, the evolutionary significance and fate of the gnathobasic seta, a seta associated with the proximal endite and coxa and significantly being involved in food transport (Walossek 1993) . Also, the division of the coxal median edge into originally three setal rows, the main spines terminally, flanked by an anterior and a posterior row (a situation extending into basipod and endopodal enditic armature; see Maas et al. 2003: fig. 66A ). This feature is often abandoned by many extant crustaceans, which exhibit a two-division of the coxal median edge (cf. Walossek 1993) , especially the malacostracan limb morphology is still incompletely understood in the absence of key fossil data (Haug et al. 2013) .
The cuticular area on the proximo-lateral margin of the antenna of C. angelini (Fig. 3A 3 -A 5 ) is somewhat similar to a structure occurring at the same position in the antenna of an undetermined phosphatocopid specimen (ZPAL Cr.11/ ph222), from the Dębki 2 borehole. This latter specimen bears at least five limbs and represents a later growth stage (Fig. 8B 1 -B 3 ) . The swollen structure at the base of the antenna (Fig. 8B 3 ) merges into the arthrodial membrane and may indicate the extension of the coxal body. Additionally, the well-preserved specimen ZPAL Cr.11/ph414, identified as H. unisulcata Müller, 1982 , from the same borehole, most likely representing a head-larva or very early instar, exhibits a small triangular proximo-lateral structure separated from the rest of the limb by a clear boundary (Fig. 8A 1 -A 4 ) . All remains of muscles of hypostome/labrum complex; anterior is up, two nodes, possibly representing muscle scars (arrows) (A 2 ); enlarged posterior part of valve with two apodemes (4th and 5th) and two nodes, possibly representing muscle scars (arrows) in oblique dorso-posterior view, anterior to the right (A 3 ); enlarged proximal part of apodeme (2nd) with muscle fibers attached inside (A 4 ); detailed view of apodeme (4th) with attached putative muscle (A 5 ); detailed view of supposed right proximal part of hypostome-labrum structures, anterior is up (A 6 ). B. ZPAL Cr.11/ph102. Left valve depicting shield, internal lamella cuticle and body cuticle wall with preserved apodemes (B 1 ); detailed view of B 1 exhibiting apodemes (2nd-6th), two nodes, possibly representing muscle scars (arrows) (B 2 ); apodemes in oblique latero-ventral view (B 3 ); detailed view of putative muscle fibers within apodeme (4th) (B 4 ); apodeme (4th) in internal view showing putative muscle attached in proximal depression (B 5 ); detailed view depicting proximal part of apodeme (5th) with putative muscle fibers (B 6 ); apodeme (5th) in median view (B 7 ); apodeme (4th) in posterior view (B 8 ); detailed view of supposed proximal hypostome-labrum structures (arrow), in dorsal view (B 9 ). Abbreviations: in, inner lamella cuticle; lst, limb stem; sh, shield. → these structures are not setose and appear immovable. It cannot be excluded that this structure represents the remains of the coxa. Because of its location we exclude a direct association with the proximal endite in its initial extension being located medially underneath the basipod. A medio-proximal setiferous endite is present in young stages of various entomostracan crustaceans on post-antennal limbs. In advanced stages it is still present on post-mandibular limbs whereas the mandibular proximal endite has turned into the coxa (Walossek 1993; Haug et al. 2013 ). Until more details are known, we refer to this structure as a cuticular plate on the proximo-lateral margin of a limb.
The antenna of C. angelini differs significantly from almost all known phosphatocopid species, i.e., in lacking the exopod. The only exception is an undetermined species from the Cambrian Series 3, Devoncourt Limestone of Australia . In that species, from which only isolated appendages were recovered, remarkably, not only the antennal exopods are lacking, but also the exopods on all known appendages fig. 3A, B) , i.e., the animal may have been completely uniramous. In this Australian form, the basal portion of the antenna is as undivided as in other phosphatocopids and medially elongated. Its shovel-like end rests in a similar median surface of the mandible, but it is not well enough preserved for assessing other details fig. 2B ). Medio-distally a short, two-segmented endopod rises. The proximal podomere is drawn out into a spine-like projection and surrounded by several short spines or setae; the terminal portion is a conical hump with a terminal spine-like seta flanked by one spine on either side, but, different from those of other phosphatocopids, turned 90° inward toward the hypostome. According to Walossek et al. (1993) , the lack of exopods of head and trunk limbs may be due to adaptations to a benthic lifestyle. The lack of exopods in the antennae likely is connected also to the significant involvement of the antennae in food gathering rather than locomotion, rendering the exopod obsolete. A connection with the bivalved morphology, in which a long annulated exopod hinders complete closure of the valves, seems to be a weak argument since that pertains to all phosphatocopids, including those with well-developed exopods. Based on the many specimens preserved with gaping shields ("butterfly mode"), it seems that phosphatocopids did not completely close their shields for much of their lives but rather carried them like a roof, obliquely outward. Yet, completely enclosed specimens are also well-known from the fossil record (e.g., Maas et al. 2003; Eriksson et al. 2016 ), but it remains uncertain how such closure functioned as there is no space for a closing muscle in phosphatocopids. The opening of the shields may have occurred by pressing the limbs laterally; the prominent limb apodemes with presumably well-developed limb musculature supports this assumption.
Comparisons of the mandible.-The morphology of the mandible of phosphatocopids in the early ontogenetic stages differs from that of advanced stages and still is a matter of debate (see Haug et al. 2013 ). Nonetheless, detailed structural information is available for the head larva stage (or at least early larval instars) of several species, e.g., Klausmuelleria salopensis from the Cambrian Series 3 of England, Hesslandona angustata Maas, Waloszek, and Müller, 2003 fig. 1c ), Hesslandona necopina from China (Zhang et al. 2011b) , and Vestrogothia spinata from the Furongian Peltura Biozone of Sweden fig. 2A ) and the late Cambrian of South China (Liu and Dong 2009: fig. 3 ). In all these taxa, the limb stem of the mandible of the earliest growth stage comprises a clearly separated coxa and basipod of similar size, and the exopods of the mandibles extend from the proximo-lateral part of the basipod.
Here, we can add the specimens ZPAL Cr.11/ph414 (Fig. 8A ) and ZPAL Cr.11/ph498 (Fig. 8D) from Poland, representing head larva stages that possess a coxa and basipod being distinctly separated and medially developed as long setose endites. Antero-laterally, the border between the coxa and basipod is less well developed than posteriorly. The exopod of the mandible in these specimens likewise extends from the proximo-lateral part of the basipod.
By contrast, the rigid proximal portion of the mandible of advanced ontogenetic stages, including the C. angelini specimen described herein, represents an undivided "limb small triangle-like cuticular structure at base of antenna (arrow), and mandible with coxa and basipod, note poorly visible border line between coxa and basipod in lateral part of limb (A 2 ); antero-lateral view depicting antenna (arrow), mandible and first post-mandibular limb, distal part of labrum partly visible (A 3 ); BSE image, exhibiting first post-mandibular limb, proximal endite masked by matrix (note the elongate depression on the lateral part of basipod and exopod inserting on its distal part) (A 4 ). B. ZPAL Cr.11/ph222, an undetermined phosphatocopid; antero-lateral view of the right side depicting heart-like hypostome, inserting place of antennula (arrow); distal parts of antenna and mandible partly broken off (B 1 ); BSE image, detailed view of proximal parts of antenna, note swollen proximal area of limb stem possibly representing lateral part of coxa (white arrow), and possible basipod with arising exopod on its distal part; mandible, note possible remains of border line (white arrow) between coxa and strongly reduced basipod; inserting place of antennula with preserved arthrodial membrane (black arrow) (B 2 ); detailed view of proximal part of antenna exhibiting swollen part (arrow) and arthrodial membrane (B 3 ); postero-lateral view depicting first left post-mandibular limb with relatively large setose proximal endite, basipod with inserting place of exopod developed as long depression and with partly preserved exopod and partly preserved endopod (B 4 ). C. ZPAL Cr.11/ph202, an undetermined phosphatocopid in anterior view, representing early growth stage depicting hypostome-labrum with median eyes, pair of antennulae (arrow), and partly preserved antennae. D. ZPAL Cr.11/ph498, an undetermined phosphatocopid in view from behind, representing early growth stage exhibiting labrum, sternum, mandibles consisting of separate coxa and basipod, and right 1st post-mandibular limb. Abbreviations: atl, antennula; an, antenna; co, coxa; ba, basipod; en, endopod; ex, exopod; hp, hypostome, lb, labrum; lst, limb stem; me, median eye; md, mandible; pe, proximal endite; st, sternum.
stem" or syncoxa, interpreted as the product of fusion of the coxa and basipod (e.g., Maas et al. 2003; Dong et al. 2005) .
In the second growth stage of Hesslandona necopina Müller, 1964 from the Furongian of South China, the coxa and basipod are still separated on the mandible (Zhang et al. 2011b: fig. 1 ). However, in the third growth stage the coxa and basipod are partly fused and the "basipodal endite" is developed as a wedge-shaped portion inserting between the coxa and endopod, a condition that was described also by Maas et al. (2003) for early stages of H. unisulcata. The fusion of the coxa and basipod in H. necopina is identical to that described for V. spinata by Maas et al. (2003) .
Again, the morphological condition of a prominent proximal limb portion being medially extended into an obliquely oriented spinose gnathobase with median setation (= coxal endite representing the evolutionary older proximal endite) and a distally located setose endite (basopodal endite) (see also Maas et al. 2003: fig. 57B; Maas and Waloszek 2005) is similar in at least euphosphatocopid species. According to Haug et al. (2013: 49) the proximal gnathobase, in fact representing the coxa alone, is an "extreme variation of the proximal endite". The remainder of the basipodal endite indicates that only the lateral part of the basipod became fused to the coxa (forming a so-called syncoxa), thus obscuring the original extension of the basipod in this specimen.
The reduced lateral part of the basipod with connection to the median "basipod endite" is still present in an advanced growth stage of Vestrogothia spinata Müller, 1964 from Sweden, comprising a small structure surrounding the base of the exopod (Maas et al. 2003: fig. 59C; Waloszek 2003: fig. 3.5; Haug et al. 2013: 54) . The ring-shaped structure developed around the insertion of the exopod in C. angelini (Fig. 4A 3 ) , may likewise represent a strongly reduced basipod. Because specimen ZPAL Cr.11/ph060 represents a later growth stage, the reduction of the basipod without connection to the "basipodal endite" has advanced further than in the V. spinata mandible presented by Maas et al. (2003) . Such proximal rings around the exopods in early growth stage specimens from Poland (and other specimens described so far) have not been observed. However, the rings can be interpreted as the blown-up exopodal arthrodial membrane. Furthermore, this structure may come from an even older condition described from early euarthropods (see, e.g. Liu et al. 2007 for the early, coxa-less, chelicerate Leanchoilia illecebrosa (Hou, 1987) , in which the exopod is divided into a proximal and a distal portion).
The endopod in the late ontogenetic stages arises laterally on the limb stem. By contrast to the post-mandibular limbs, the exopod of the mandible "arises" on the antero-lateral part of the mandibular limb stem. The mandible of C. angelini differs from that of all other known phosphatocopids from Europe in having an exopod that is strongly reduced in size and lacks annulation (Figs. 3A 1 , A 5 , A 6 , 4A 1 , A 3 ). By contrast, the exopod of the mandible of ZPAL Cr.11/ph222 is strongly developed and multiannulated (Fig. 8B 2 ) . Exopods in young larvae are tubular, multiannulated and each annulus is carrying a long seta on the median part (Fig. 8A 1 ) (see also Maas et al. 2003 for the same morphology in various species; e.g., their pl. 24A for Hesslandona suecica).
Setae of different length arise in a row around the free margin of the mandibular exopod from proximo-medially to medially (Fig. 3A 5 ) , more similar to the exopod of the maxillula of Swedish Orsten eucrustaceans such as Rehbachiella kinnekullensis Müller, 1983 (Walossek 1993 . Compared to the Australian phosphatocopid specimen, in which the exopod is lacking on all limbs , the situation in C. angelini indicates that the life style of some phosphatocopids allowed for a reduction in size and function of the mandibular exopod until its complete loss. The exopod in C. angelini was apparently jointed and functional, but most likely less suited for strong water propulsion.
Comparisons of post-mandibular limbs.-The first post-mandibular limb of C. angelini (Fig. 5) is overall similar to that of many Cambrian phosphatocopids from Sweden and China. However, some differences exist, e.g., some have a two-segmented endopod, as in the case of C. angelini, instead of a three-segmented one, and the former species has much shorter enditic protrusions of all portions of the post-mandibular limbs than the advanced growth stages of other species, e.g., compare with Hesslandona unisulcata Müller, 1982 (Maas et al. 2003 .
The second post-mandibular limb of C. angelini differs in having three setae located at the proximo-lateral margin of the basipod (Fig. 5A 5 , A 6 ) . A single seta occurs in a corresponding position on the second post-mandibular limb of Hesslandona curvispina from Sweden (Maas et al. 2003: pl. 30D) . These setae are situated in a position corresponding to that of epipods occurring in some eucrustaceans (Maas et al. 2009; Waloszek et al. 2014) . Based on the occurrence, morphology and ontogeny of epipods in Eucrustacea Maas et al. (2009) concluded that these structures develop ontogenetically from the base of an original seta. Setae at a corresponding position may therefore be interpreted as possible ontogenetic initials of epipods. However, first, no further growth stages are known of C. angelini, and second, the material known is already advanced and should possibly bear more differentiated epipods by those stages. Therefore, this question must be left open until additional material can demonstrate more clearly the ontogenetic and evolutionary occurrence of the epipods in the early evolutionary lineage of Crustacea.
The post-mandibular limbs of C. angelini and H. suecica from the Cambrian of Sweden, likewise known from advanced growth stages (Maas et al. 2003: pl. 24A, B) , are morphologically similar. Yet, those of C. angelini differ in having fewer annuli at the tip of the exopod, short protrusions on the proximal endite and basipod, and in possessing a two-divided rather than three-divided endopod. The morphology of the series of post-mandibular limbs suggests that in C. angelini they mainly served for locomotion and food gathering, unlike most other phosphatocopids, where the antennae and mandibles played a much larger, if not principle role also in locomotion, both equipped with long, multiannulated exopods (see also Müller 1982: figs. 5, 6) , whereas the post-mandibular series swept the nutrient-rich water along the inner side of the valves and transported it inward anteriorly again by means of the median setation and spines (see also Maas et al. 2003.) .
Further notes on the soft body morphology.-Although it is not present in the material investigated herein, it is important to briefly highlight the forehead including the visual system of Phosphatocopida. The forehead is a prominent joint structure, which is made of the phylogenetically older box-shaped hypostome and the likewise firm backward pointing labrum (this entire structure was referred to as the hypostome-labrum complex by Maas et al. 2003: 29, pls . 6B, 21A; see also Fig. 8C ), which in later growth stages is more distally raised. In eucrustaceans the hypostome is rather short and narrow, whereas the labrum is generally a soft, bulging structure, often filled with glands that open posteriorly to slime-in food. In fact also in phosphatocopids the posterior surface of the labrum, which steeply declines toward the deeply recessed mouth opening, the flanks are covered with fine short setae, as e.g. in extant cirripedes, and the median surface bears sensilla and openings (e.g., Müller 1979: fig. 3C ; Maas et al. 2003: fig. 15 ), which may be the pores of glands to slime-in food as known from various small eucrustaceans.
Phosphatocopids possess a prominent eye structure with three cups surrounded by a more or less prominent ring wall, which is located medially at the anteriorly sloping surface of the hypostome (Maas et al. 2003 : pls. 9A, 11C, 21A; the two anterolateral cups being more elaborate than the single posteriomedian cup, naupliar eye clearly externally. Similar external median eyes have been reported for several other "Orsten" eucrustaceans, such as Rehbachiella kinnekullensis Müller, 1983 (Walossek 1993 , Bredocaris admirabilis Müller, 1983 (Müller and Walossek 1988) and Wujicaris muelleri Zhang, Maas, Haug, Siveter, and Waloszek, 2010;  at least an anteromedian eye made of two cups was reported for one of the derivatives of the early stem lineage of Labrophora, Oelandocaris oelandica Müller, 1983 (see Stein et al. 2005 , 2008 .
We interpret this structure as the median eye; a plesiomorphic feature apparently retained from the ground pattern of Euarthropoda. It had developed in addition to the paired compound eye, which is located anterolaterally and belongs to the first known segment of Arthropoda sensu stricto (e.g., Waloszek et al. 2007) . A median eye is known first from euarthropods and is present in chelicerates (paired external eye cups) and, among tracheates in insects, visible externally on the front of the head as a three-cupped structure in insects. Therefore, we regard all anteromedially located structures at the anterior end of the hypostome, including those of all phosphatocopids, as having the same evolutionary origin. In Eucrustacea this structure is called nauplius eye because it can be present already in the hatching stage in all major ingroups. It may persist into the adult stage. In eucrustaceans the nauplius eye is always an internal structure with the eye cups below the cuticle. However, in the Cambrian fossils this structure is external (with the possible exception of one taxon, Skara sp. where two weak impressions hint at an internal location; see Müller and Walossek 1985: pl. 5: 1-3) . This contrasts with the interpretation of Zhang and Pratt (2012) and we disagree with their morphological explanation concerning the eye and its location on an extra anterior body segment, not least in light of a strikingly similar morphology in the early larva of Wujicaris muelleri (Zhang et al. 2010) . If not the eye itself, possibly the specific arrangement of the three cups, two larger bulging anterolateral ones and a smaller to slightly inwardly pressed medioposterior one surrounded by a cuticular ridge (e.g., Müller 1982: pls. 2: 2-4, 3: 1, 4: 1, 2; Maas et al. 2003: pl. 37A, B) can be understood as another feature to unite Phosphatocopida (autapomorphy), but the images of Dabashanella sp. in Zhang and Pratt (2012) give no clear clues for this feature, and we recommend any further researchers to pay special attention not only to the eye but the complete antero-ventral body region of Euarthropoda and Crustacea.
The status of the compound eyes remains unclear. Eucrustacea possess, plesiomorphically, compound eyes (a feature retained from Arthropoda sensu stricto; see Waloszek et al. 2005) , and these are missing in phosphatocopids. Compound eyes have been validated only for one of the known taxa that derived from the early evolutionary lineage of Labrophora, so it is likely that phosphatocopids lost these eyes early during their evolution.
Musculature and apodemes
The musculature of phosphatocopids is virtually unknown, as holds true also for most Orsten-type arthropods. The exception includes muscles detected within limbs and the trunk of Furongian pentastomid parasites from Öland, Sweden (Andres 1989 ) and muscle scars, and putative antennal muscles, reported from the Orsten eucrustacean Skara Müller, 1983 (Eriksson et al. 2012 . Paired labral muscles have been recorded also by synchrotron radiation X-ray tomographic microscopy in Hesslandona species; these muscles are interpreted as being used for controlling the labral movement (Eriksson et al. 2012 (Eriksson et al. , 2016 ), similar as was described for the eucrustacean Skara anulata and S. minuta by Müller and Walossek (1985: pls. 4.2, 4 .3 for the external impression of these muscles).
Phosphatocopids lack muscles for closing and opening their valves and hence adductor muscle scars are absent (cf. ostracods ; Smith 1971; Anderson 1974; Olempska 2008; Yamada and Matzke-Karasz 2011) . Two nodes preserved on the inner walls of the cuticle layer close to the dorsal marginal area in both valves of Cyclotron sp. may represent scars of limb muscles.
The large medio-proximal opening into the interior of the mandibular coxa of C. angelini (Fig. 4A 1 ) may suggest that it served as the path for the large mandible muscles operating the limb-stem. The absence of apodemes in places of the mandible insertion suggests that the system of its insertion was similar to that of other limbs, but probably the apodeme of the mandible was much larger than the others and was broken off or not phosphatized. There are close similarities in the type and possible function of the apodemes in phosphatocopids and modern crustaceans (see, e.g., Hessler 1964 for the muscular system of extant cephalocarid Entomostraca). An occurrence of apodemes in phosphatocopids is expected because apodemes were suggested to be present in the ground pattern of Euarthropoda, hence, being plesiomorphic in Crustacea, Phosphatocopida, and Eucrustacea. Recent studies on onychophorans, derivatives of the earliest phase of arthropod evolution before sclerotization of the cuticle took place, revealed that apodemes as cuticular muscle attachment cites are even older than that (Oliveira and Mayer 2013) . Although crustacean apodemes are well known, they have never been investigated in an evolutionary or phylogenetic context.
Functional morphology
In Cyclotron angelini the antennae without exopods and the mandible, with a rather short, undivided and rod-shaped exopod, were probably mainly involved in food gathering and passing food particles toward the mouth. By contrast, in earlier larval stages, as known particularly from many specimens of the Swedish taxa, these appendages had long, multi-articulated exopods with long swimming setae. Therefore, they were used in parallel for locomotion and sweeping in food (see e.g., Maas et al. 2003 for Hesslandona unisculcata) . Size reduction of the exopods in later ontogenetic stages likely corresponds to a shift of the locomotory function to the more posterior limbs. The function of the apparently reduced exopod of the mandible is unclear, possibly it served as for cleaning rather than production of water currents. In early growth stages the exopods of both antenna and mandible are multi-annulated with a prominent marginal setation. Presumably, phosphatocopids of advanced growth stages with serially similar post-mandibular limbs were able to create water currents around the body by synchronized movement of these limbs in anterior and posterior directions by large paddle-shaped exopods armed with long setae. As in many extant crustacean larvae, the locomotory apparatus developed in the anterior body in young growth stages and shifts successively towards the posterior as body segments are added and differentiation of post-mandibular limbs occur (Haug et al. 2013) . Hence, the anterior limbs (antenna and mandible) are released from the locomotory apparatus and become involved in feeding (see especially Walossek 1993 for a detailed analysis of feeding and locomotory strategies in combination with the ontogeny in Crustacea).
The endopodal robust dentate tooth of the C. angelini mandible, which probably served as a cutting tooth, and the gnathobase together with the gnathobase-like structure of the antenna were involved in the manipulation and food transport to the mouth. The proximal endite of the first post-mandibular limb of the undetermined specimen ZPAL Cr.11/ph222, is much larger relative to the basipodal endite ( Fig. 8B 4 ) compared to that of C. angelini.
According to Haug et al. (2014) , the anterior three appendages in the head larva of Crustacea sensu lato mainly work in conjunction for locomotion and feeding, and the fourth limb may also have assisted in locomotion (see also Waloszek et al. 2007; Perrier et al. 2015) . The proximal endites and endopodal segments of the post-mandibular limbs armed with many setae may also be active in catching food particles by endite spines, transporting them toward the mouth and preventing their backflow (see also Waloszek et al. 2007; Haug et al. 2014 ). In addition, the membranous areas present between segments of post-mandibular limbs in Cyclotron angelini (Fig. 5A 1 , A 3 , A 4 ) suggest great manoeuvrability of the limbs and thus allow for effective food transport toward to the mouth via gnathobases of the mandible and antenna. Similar membrane areas occur in the post-mandibular limb of H. unisulcata from Sweden (Maas et al. 2003: pl. 10B) .
In summary, in connection with the different morphologies of limbs in phosphatocopids, with or without exopods, long and short endopodal protrusions, it is obvious that their mode of food intake was very diverse. Modes of feeding and locomotion remain speculative for a number of phosphatocopid species.
Phylogenetic remarks
Monophyly of Phosphatocopida can be based on a number of autapomorphies (see above and Maas et al. 2003; Siveter et al. 2003; Maas and Walossek 2005) .
The first internal phylogeny relationship of Phosphatocopida was presented by Maas et al. (2003) . They suggested that Vestrogothia spinata and Falites fala constitute a paraphyletic group, Vestrogothiina, whereas the authors regarded Hesslandonina and Hesslandonidae as monophyla, respectively. Hinz-Schallreuter and Schallreuter (2009) proposed a new phosphatocopid phylogeny based on the evolution of the dorsal shield structures. Their analysis differs considerably from that of Maas et al. (2003) , e.g., with regards to the position of Vestrogothia situated deeply within the taxon. In a subsequent analysis by Zhang et al. (2011a) , Vestrogothia and Falites did not come up as close relatives and Hesslandonidae did not show up as a monophyletic taxon (see also Zhang and Dong 2009 ). The latter result was reinforced in a subsequent study by Zhang et al. (2011b) , in which Hesslandona unisulcata appears to be more closely related to Trapezilites minimus (Kummerow, 1931) , than to any other Hesslandona species. Again, the position of Vestrogothia together with Falites was proposed as a monophyletic group with a sister-group relationship to a monophyletic Hesslandonidae, hence much in accordance with the analysis of Maas et al. (2003) . The position of the species studied herein, Cyclotron angelini, may be close to the monophylum comprising Cyclotron lapworthi (Groom, 1902) , Waldoria rotundata, and Veldotron bratteforsa (Müller, 1964 ) (cf. Zhang et al. 2011b ).
More details, particularly of the appendage morphology of different growth stages and species are, however, needed in order to establish a more firmly validated phylogeny for C. angelini.
Conclusions
Investigation of the soft-part morphology of Cyclotron angelini yielded a combination of morphological features, previously unknown from any other phosphatocopid species. These features include: (i) absence of the exopod on the antenna (a feature previously known only from one unnamed species from the Cambrian of Australia, Walossek et al. 1993) ; (ii) a cuticular area at the lateral margin of the antenna, possibly the coxal portion of the otherwise uniform limb stem; (iii) very small, and not annulated, exopod for the mandible (in the Australian form it lacks completely, forms from Sweden exhibit a prominent, multi-annulated exopod); (iv) a triplet of very similar setae at the distal endopod segments of the antenna and mandible; (v) difference between proximal endopodal segment of the antenna and that of the mandible; (vi) the exopod of post-mandibular limbs progressively increasing in size and armature from the anterior to the posterior (exopod absent in the Australian species); (vii) a two-segmented endopod of the first post-mandibular limb (not preserved in 2nd and 3rd limbs; three-segmented in all other known taxa with preserved soft parts); (viii) the presence of apodeme structures, most likely functioning for muscle attachment and operation of the limbs.
The range of specific features of C. angelini from Poland in combination with its morphological deviation from the many described species from Sweden indicates a much larger morphological diversity of phosphatocopid species than previously thought (cf. Maas et al. 2003) .
